FR900482, a close cousin of mitomycin C that exploits mitosene-based DNA cross-linking  by Williams, Robert M. et al.
Research Paper 127 
FR900482, a close cousin of mitomycin C that exploits 
mitosene-based DNA cross-linking 
Robert M Williams, Scott R Rajski and Samuel B Rollins 
Background: The class of antitumor antibiotics that includes FR900462 has a 
very close structural analogy to the mitomycins, one of which, mitomycin C, has 
been in widespread clinical use for more than 2.0 years. Like mitomycin C, these 
antitumor antibiotics are reductively activated in viva and covalently cross-link 
DNA as a result of activity of the mitosene moiety generated on reduction. Owing 
to differences in structure and the attendant mechanistic differences in 
bioreductive activation between the mitomycins and FR900462, FR900462 
does not produce an adventitious superoxide radical anion during reductive 
activation and thus does not exhibit oxidative strand scission of DNA. It is 
postulated that the low clinical toxicity of FR900462 relative to mitomycin C is a 
direct manifestation of the mechanistic differences of bioreductive activation 
leading to the highly reactive DNA cross-linking mitosenes. 
Results: Using Fe(ll)-EDTAfootprinting, we showed that the two natural products 
FR900462 (I) and dihydro, FR66979 (3), and the semi-synthetically derived 
triacetate FK973 (21, display remarkable selectivity for 5’ deoxy-CG sequences of 
DNA, and that this selectiviiy is abolished upon deletion of the exocyclic N2 amine 
of either participating guanosine residue. In addition, we investigated the mono 
alkylation abilities of FR66979 with respect to a number of inosine-substituted 
oligonucleotides and observed that the FR900462 class of compounds were able 
to give rise to easily separable orientation isomers of their respective cross-links. 
Conclusions: The FR900482 class of antitumor antibiotics cross-link DNA in a 
fashion analogous to the mitomycins. The cross-linking reaction yields two 
orierntation isomers which are of v&y diffcrcnt e!ectrophore!ic mobility and 
which also exhibit radically different DNA-protein recognition properties upon 
reaction with Alul restriction endonuclease. In addition, mono-alkylation of DNA 
by FR66979 shows little, if any, dependence upon pm-covalent interactions 
deemed necessary for the mitomycins. These insights support the proposal that 
the FR900462 class of compounds represents a compelling clinical replacement 
for mitomycin C, given its greatly reduced host toxicity and superior DNA 
interstrand cross-linking efficacy 
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Introduction 
The bioreductive alkylating agents arc a very important 
class of clinical agents in that they can bccomc selectively 
activated upon delivery to hypoxic environments such 
as those of cancerous tissues [I]. The recently discovered 
antitumor antibiotics FR900482 (1) and FR66979 (3) 
(Fig. 11, a dihydro congener (obtained from the fermenta- 
tion harvest of Streptmnyces sandaemis No. 6897 at Fujisawa 
Pharmaceutical Co. Ltd, Japan), bear close structural 
similarity to the clinically employed bioreductive alkylat- 
ing agent miromycin C (MC, 4, Fig. 1) [Z-S]. Like many 
antitumor antibiotics, MC exerts multiple biological 
effects in cells, including selective inhibition of DNA 
synthesis, chromosome breakage, DNA mutagenesis, 
stimulation of genetic recombination, as well as mcdiaring 
non-spcciiic oxidative damagc IO cellular components. 
The interaction of MC with cellular nucleic acids has 
been the subject of intcnsivc investigation for many 
years. It is now well-established that MC is reductively 
activated in V& and in vitro to provide a highly reactive, 
bis-electrophilic species called mifosene, which cross- 
links DNA preferentially at 5’-3’ CG sites [h]. During the 
single-clectron reductive activation pathway that has 
been imp!icated, the quinone moiety of MC is initially 
reduced to a semi-quinone radical anion. This can then 
either accept a second electron, and proceed to mitosene, 
or revert back to MC by electron transfer to molecular 
oxygen, generating a superoxide radical anion [7]. Sub- 
sequent Haber-Weiss/Fenton cycling in the presence 
of trace transition metals produces hydroxyl radical and 
other related reactive oxidants capable of causing 
non,selective tissue damage. 
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The Structures of mitomycin 0, FR900482 
and related molecules (see text for details). 
In preliminary studies, ic was shown chat FR900482 and 
the derived triscctate, FK973 (2), are approximately tbree- 
fold more potent than MC and display significantly lower 
toxicity ([S-lo] and Fujisawa Pl~armaceuticsl Co. Ltd, 
personal communication). FK973 has recently been shown 
to form DNA-DNA interstrand cross-links and DNA- 
protein cross-links in L1210 cells [4,5]. Like MC, com- 
pounds l-3 also require reductive activation both in viva 
and in vitro [ll,lZ]. Compounds l-3 do not produce the 
random single-strand breaks in DNA [4,5,7] that are typi- 
cally associated with redox cycling of reactive oxygen 
radical species. The low toxicity of the Fujisawa drugs 
relative to MC may thus be a manifestarion of diffcrcnces 
in the chemical means by which the drugs are activated. 
Both FK973 and MC can cross-link DNA [ll-131 through 
the agency of a hiorcductivcly generated mitoscnc. The 
major struc~ulal differcnce hetwzen MC and FK973 is the 
presence of the quinonc in MC and the hydroxyiamine 
hemi-ketal of the Fujisawa drugs. In MC, the quinone 
functionality [4,5] is an essential functional array for the 
reducrivt: unmasking of the potent, his-electrophilic 
mitosene [6]. In the Fujisawa drugs, it appears that the 
reductively labile functionality resides in the N-O bond of 
the unique hydroxylamine hemi-ketal. Given the potcn- 
tial clinical promise of the Fujisawa drugs, coupled with 
their unusual ~tmcfurrs and their relationship to MC, a 
great deal of effort has recenrly been directed towards the 
synthesis of the natural products as well as preliminary 
mechanistic studies concerning the biological mode of 
Figure 2 
action of these secondary metabolites. In this paper, we 
report on the interaction of FR900482 and FR66979 with 
DNA and point our the mechanistic similarities and diffcr- 
ences between MC and FR900482, which may bc useful 
in designing new classes of more selective and less toxic 
antitumor agenrs. 
Results and discussion 
Fukuyama et ai 1141 were the first to propose reductive 
activation of FR900482 en route to DNA cross-linking 
(Fig. 2). in the form of a preliminary synthetic approach 
[151 to these substances [16,171. Reductive cleavage ofthe 
,N-0 bond was propascd to generate aniline (60. and 6b) 
which cyclizes and dehydrates to aziriclinomitosene (7). 
Related work 161 on structurally similar mitosencs gencr- 
atzd from MC provided a precedent that the interaction of 
7 with DNA would yield cross-linked DNA species (8). If 
this proposal proved correct, the S’C-phosphodiester-G 
cross-linking sequence specificity for mitosenes derived 
from MC was also anticipated for the FR9004XZ-generated 
mitoscnes. The S’CpG cross-linking sequence specificity 
of mirosenes is based upon a good geometrical tit of the 
intramolecular distance bctkvecn rhc IWO electrophilic 
centers of rhc mitosene (3.4A) and the distances between 
the two cross-linked bases of the duplex suhstratc (3.1A 
for S’CpG, Fig. 3). 
The dibydro derivative FR66979 was studied hccause 
early efforts in our laboratories [1X,19] demonstrated that, 
The proposed mechanism of action 
for FR900482 and FR66979 in DNA 
cross-linking. 
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Figure 3 
Molecular distances of adjacent guanosine 
emcyclic mines in sequences of interest: 
(a) S’GpC, (b) S’CpG and (c) B’GpG. 
(b) 
of the t..vo natural prodocts, FR6697Y was by far the more 
efficient DNA interstrand cross-linking agent. At the same 
time, Hopkins, Woo, Sigurdsson and colleagues [20,21] 
were investigating the ability of FRY00482 and FR66979 
to cross-link various self-complemrntary DNA substrates. 
Both laboratories concluded that the FR9004X2 &ss of 
compounds displayed a strikingly similar specificity for 
S’CpC, as previously shown for MC [6,22]. Collaborative 
efforts [ll] ultimately demonstrated that both FR900482 
and FR66979 required reductive activation to cross-link 
DNA; the DNA-drug lesion from both antibiotics has 
been fully characterized [20,21]. We have since demon- 
strated that the natwal products FR9004H2 and FR66979, 
as well as FK973, display sequence selectivity for S’CpG 
squences, in which a numbcr of guanosine residues 
preside (unpublished observations). In addition, mono- 
alkylation of DNA hy FK66979 appears fo require similar, 
yet distinct, ‘pre-covalent’ associations that are thought to 
be necessary for efficient substrate alkylation (typical 
yields 210%) by MC [Z-25], and both FRY00482 and 
E‘R6697Y give rise to separable orienration isomers of the 
respective interstrand cross-links (Fig. 4). 
Feiiij-EDTi\iootprinting a: FR30M82-, FRB5979- and 
FK973-mediated cross-links 
In the absence of exogenous reducing agents and metal 
ions [12], FRY00482 and FR6697Y do not cross-link DNA. 
FR66Y79 can be synthesized most conveniently by either 
NaBH, reduction or catalytic hydrogenation of FR900482. 
The rcactiviry of chemically ‘over-reduced’ FR66979 
Figure 4 
Orientation isomers of cross-linked DNA. M 
refers to the mitosene core derived from 
FR56979. The numbers 1 and 10 refer to 
carbons 1 and 10 of the DNA-bound 
mitosene core. A is the ‘slow mobility’ isomer 
and B the faster mobility isomer. 
A. ii 3i 
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proved to be highly specific for S’CpC, providing provoca- 
tive evidence fur the production of tract amounts of a 
reactive mitosene. Although the isolation of such an inrer- 
mediate (7) or the carbinolamine (6) has thus far been 
elusive, it was decmed necessary to investigate the speci- 
ficity of purified compounds under reducing conditions. 
Using various synthetic DNA substrata, cross-linking and 
Fc(II)-EDTA footprinting were used tu secwe both the 
sequence specificity and the rcgio-specificity of the 
DNA-alkylation processes. 
The substrate, STTTATTAACG1‘AATGC~~I‘AATCG. 
CAATGGGATT3’ (template l), and a modified version 
baring inosinc (guanosine lacking the NZ exocyclic 
amine) at the GlO position (template Z), and their mutual 
complement, were synthesized. Cross-linking of both sub- 
strates followcd by isolation and Fe(H)-EDTA digestion 
rendered the cleavage patterns in lanes 11-17 of Figure 5. 
Native DNA subjected to Fe(II)-RDTA cleavage yields 
an equimolar assortment of all fragment sizes up to and 
including the full-length strand (lane 10, Fig. S), whereas 
analogous treatment of cross-linked DNA yields short frag- 
mcnts corresponding to cleavage at or to the radiolabeled 
side of the alkylated residue. As such, the observed cleav- 
age parcerns show that, for cross-linking of the unsubsti- 
rutcd duplex, GlO is the principal site of alkylation (lanes 
11-1.3, Fig. S), whereas cross-linking and digestion of the 
duplex bearing inosine a~ the GlO position reveals GZ3 as 
the primary alkylation site (lanes 14-16, Fig. 5). This 
‘cleavage shift’ is the result of deleting the exocyclic amine 
(NZ) at the GlO residue. Substituting with inosinc at this 
position halts cross-link formation, and thus implicates the 
NZ residues of adjacent guanosines (within only the 
S’CpG box) exposed in the minor groove as the sole reac- 
tive groups responsible for interstrsnd cross-linking by 
compounds l-3. This conclusion is in agreement with the 
reasonable expectation that the interaction of l-3 with 
DNA should occur in the minor groove of DNA, and it 
supports the hyporhesis that FR900482, FR66979 and 
FK973 cross-link DNA via the sane mechanism. 
Orientation isomerism of the FR66979-mediated 
S’deoxy CG cross-link 
The 5’ =I end-labeled substrate S”TCTTGAATACTCA- 
TACGTCTC’I”XXTGAGGG3’ (template A) was syn- 
thesizcd and annealed tu its complement. Cross-linking of 
this substrate by FR66979 revealed the presence of two 
bands corresponding to cross-linked product with only one 
5’CpG site. One possibility was chat over-mono-alkylation 
gave rise to the slower band. Of particular conccm was the 
GAGGG run at the 3’ termitius. By analogy to MC, this 
sequence posed problems entailing not only possible 
mono-alkylation, but also intrastrand bis-alkylation [Z-25]. 
The presence of another interstrand site was considered 
Figure 5 -~ 
Autoradiogram of FeWEDTA footprinting of 
cross-linked 6’ labeled S’lTTAnAACGTAAT- 
GCTTAATCGCAATGGGATr 3’ and 6’mAT- 
TAACITAATGClTAATCGCAATGGGATT3’to 
their corresponding camplement (resulting 
duplexes are templates 1 and 2, respectively). 
Lane 1 is standard V-labeled template 1. 
Lanes 2.3 and 4 are template 1 crass-linked 
with FR900482 (1). FR66979 (3) and FK973 
(2). respectively. Lanes 5, 6 and 7 are template 
2 cross-linked with 1, 3 and 2, respectively. 
Lanes 6, 9 and 10 are Maxam-Gilbert G, G+A, 
and 1 mM Fe(ll)- EDTA lanes. respectively. 
Lanes 11, 12 and t 3 are template 1 cross- 
linked by 1, 3 and 2, respectively, f&wed by 
FeWEDTA digestion. Lanes 14. 15 and 16 
are template 2 cross-linked by 1, 3 and 2, 
respectively. followed by Fe(ll)-EDTA digestion. 
Lanes 17 and 16 are Maxam-Gilbelt G and 
G+A lanes, respectively. 
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highly unlikely, but, on rhc basis of available data, could 
not be ruled out. To probe these issues, two additional 
oligonucleotides vxxc synthesized. One substrate replaced 
the GAGGG3’ run with the sequence TTAAT3’ (template 
B), while rhc other substrate had the cross-linkable 5’CpG 
sire replaced with 5”l‘pT (template C). As a control, the 
self-complementary oligonucleotide S’TATTAAAATTA- 
ATACGTA’lTAATTTTAATA3’ was synthesized. Trcar- 
merit of the duplcxcs made up of templates A and B with 
FR66979 and DlT revealed the two band pattern not only 
for the known template A, but also for the substratc lacking 
the deoxy-G (dG) rich 3’tcrminus (template B). 
As expected, the substrate lacking the 5’CpG site (tem- 
plate C) gave no reaction, thus ruling out the possibility 
of another interstrand cross-linkable site, and the self- 
complementary substrate yielded only one band corre- 
sponding to a cross-linked species. Retcnrion of the 
two-band pattern between substrates with and without 
the GAGGG3’ terminus suggested that the observed 
two-band pattern was not due to over-alkylation, but 
rather to the separation of orientation isomers. Each CIOSS- 
linked species was isolated and subjected to elecrrospray 
mass spectral analysis. The slow orientation isomer had an 
observed molecular weighr ~of 19261.39* 10.7XDa; the 
faster orientation isomer had an observed molecular 
weight of 19259.73zk9.36Da (calculated molecular weight 
= 19259.75 Da). Following isolation, each orientation 
isomer was subjected to Fc(II)-EDTA digestion, which 
revealed that each band corresponded to the singly CIOSS- 
linked species. The presence uf the cross-link in ihi minor 
groove was verified by digesting each orientation isomer 
with pipcridine; major base-labile (major groove) lesions 
were not revealed to be involved on either strand of the 
cross-linked duplex. 
Assignment of connectivity for FR66979 orientation isomers 
Efforts to determine whether one orientation isomer of 
cross-linked template A could revert to the other urienta- 
tion isomer, or to a mixture of both isomers, wcrc carried 
out by separating the two products and subscqucntly 
exposing each to denaturing conditions. Analysis by 20% 
denaturing polyacrylamide gel electrophoresis (DPAGE) 
revealed that heat denacuration did not gcncrare the other 
orientation isomer but instead yielded hydrolysis products. 
Cross-linked adducts in which template A was 5’ labeled 
and its complement was unlabeled were purified, then 
subjected to heating at 80°C in 200 mM Tris buffer 
(pH=7.5) for 20 min and then cooled IO room temperature. 
As depicted in lanes 4-7 of Figure 6, it is clear that upon 
hearing the slow orientation isomer, low molecular weight 
DNA was produced corresponding to native single 
stranded DNA &DNA), along with a large proportion 
corresponding tu mono-alkylatcd DNA. In contrast, upon 
heating the faster orientation isomer, only a tiny fraction 
Figure 6 -~ 
Fast orientation ixxner 
Mono-alkylated DNA 
Single-strand native DNA 
Analysis by 20% DPAGE oi seqoential denaturinglrenaiuration 
reactimn using Orientation isomers of 5’ s2P labeled STGTTGAAT- 
ACTCATACGTCTCTTGCTGAGGG 3’ cross-linked with FR-66979. 
Lane I, standard duplex; lane 2, slow orientation ismner of cross- 
linked substrate standard; lane 3, iast orientation ikarwr standard; 
lane 4, the product of heat denaturation 80°C for 20 min followed by 
cooling to WC for 2 h for the slow Orientation iswer and lane 5, the 
same sample as lane 4 follawing tw iterations of the same heat i 
treatment. Lanes 6 and 7 are analogous to lanes 4 and 3 as applied 
to the fast arientation iswner af the FR66979 cross-linked material. 
of mono-alkylared DNA was prodwed, the majority being 
ssDNA (5’ lab&d template A). 
The reversibility of alkylation of mitosenes derived from 
MC is more easily achieved (under reductive conditions) 
at Cl than at Cl0 [26,27]; this suggested that the slow 
orientation isomer of the FR6697Y cross-link is that 
corresponding m alkylacion in which radiolabeled STGT- 
TGAATACTCATACGTCTCTTGC’I’GAGGG3 is con- 
nected to the Cl0 of the mirosene core of FR6697Y. 
Likewise, the faster of the two orientation isomers results 
from the connection of this strand at Cl, which is mope 
labile towards hydrolytic DNA release [27]. To provide 
confirmation and corroboration of this result, S-radiolabel- 
ing of the complementary strand to template A was pcr- 
formed and the assay repeated. This verified that the faster 
of rhe two FR66979 derived orientation isomers results 
from~~conncction of template A to the mifosene Cl (see 
Orientation isomers of FR66979 crosshked 
5’ d(GACGTA), (only the S’d(ACGT), is 
shown). The strands on the right for each 
duplex are those which were 5’ radiolabeled 
and.had the 5’ AGCT Ah recognition site to 
the 5’side of the bis-aikyiated 5’d(CG) box. 
(a) Space-filling model of ‘slow’ orientation 
isomer. (b) Spacefilling model of ‘fast’ 
orientation isomer. Molecular mechanics were 
carried out using the cvffforcefield in the 
molecular modeling package INSIGHT II 
v. 23.5 (BIOSYMlMolecular Simulations, Inc.). 
The double-stranded hexamer was 
constructed using the Siopolymer program. 
Once the mifosene was banded lo the duplex, 
500 steps of energy minimization using the 
conjugate gradient algorithm were carried out 
by fixing the DNA strands and allowing the 
cross-linked drug to reach an energy minimum. 
Supplementary material). These experiments allow the 
relative connectivity of the mitosene core to be assigned in 
each orientation isomer. It is likely chat this behavior can bc 
corrclarcd with the orientation isomer’s melting tempera- 
ture (T,,) for the cross-linked substrate. Orientation 
isomers of 4,5,8-trimcthylpsoralen cross-linked oligonu- 
cleotides have been shown to he easily separable, due to 
base-pair disruptions in the vicinity of the cross-link [2X]. 
The fact that we have observed an analogous difference in 
migration between the two orientation isomers dcrivcd 
from compound 3, as well as from compounds 1 and 2 (data 
non shown for 1 and 21, suggests that the cross-link formed 
results in one orientation giving rise to the fully base-paired 
cross-link while the other orientation isomer compromises 
rhc Watson-Crick basc-pairing network, thus resulting in 
Lhe mobility difference observed in Figure 6. 
Cross-linking of a self-complementary substrate with 
FK66Y7Y resulted in only one band by DPAGE. This is 
due to the ~KZXKE of a C, axis of symmerry rhroughout 
the cross-linked adduct. In cases giving rise ~to separable 
cross-linked products, however, the DNA substrates arc 
asymmetric with rcspccr to the bases flanking 5’dCpC. 
Thus, the two orientation isomers are not chemically 
equivalent. Also noteworthy is the finding that cross- 
linking of template A with reductively activated MC gave 
Figure 8 
S‘TGTTGAATA AG 
s ACAACTTAT TC GAGAACGACTCCC 5’ 
Cleavage 2 
Template A modified with 5’AGCT Alul cleavage site 1 base pair 
upstream of the cross-linkable S’ACGT. 
rise to separable orientation isomers of similar electro- 
phoretic mobilities to those zcen with the FR-derived cross- 
links (dam not shown). It is possible that perturbation of the 
cross-linked DNA derives from a functionality common to 
both the mitomycins and the lJR900482 class antibiotics; 
this is likely to be the C2 primary amine derived from the 
aziridine. Molecular modcling of both orientation isomers 
indicates that, in each isomer, an NZ hydrogen of the 
FR66979-derived mitosenc core is within hydrogen-bonding 
disrance of the C2 carhonyl oxygen of the rhymine that is on 
the 3’side of the alkylated guanosine residue Wig. 7). 
Reaction of orientation isomers of the FR66979 cross-link 
with Alul restriction endonuclease 
The faster mobility orientation isomer inhibits Ah1 cleav- 
age of the radiolabeled strand, while the other orientation 
isomer shows very little inhibition when compared to the 
standard duplrx. This observation is consistent with 
related findings by Tomasz (pertaining to MC) which 
invoked one orientation isomer in orienting the bulky 
aromatic ring toward the AIuI cleavage site, thus inhibit- 
ing strand cleavage by the protein, while the other orien- 
tation isomer has the aromatic ring oriented away from the 
A/w1 site, thus exerting minimal influence on the degree 
of AluI cleavage. 
The ability of the Fujisawa drugs to yield different cross- These observations, taken in conjunction with the 
linked species at the same site with the same comrcctiviiy icvcnibi!i:y studies, indicate :hzt the fztsr of the two ori- 
raises numerous questions regarding the physical basis for cntation isomers is that in which Cl of the FR66979. 
the observed elccrrophoretic differences. An issue of derived mitosene core is covalcntly attached to the 
particular significance is the possibility that the observed radiolahcled strand 5’1‘GTTGAATACAGCTACGTGT- 
orientation isomers may exert unique effects on processes CTTCCTGAGGG3’. Conversely, the slower orientation 
of biological importance. The well-detincd str~ctulal isomer requires Cl0 connection of the mitosene to the 
constraints of numerous protein-DNA recognition motifs radiolabeled strand. Intcresringly, we found that cleavage 
suggested chat such interactions might easily he affected 1 (Fig. 8) is selectively inhibited while cleavage 2 pro- 
by the DNA distortions induced by one or both orientation ceeds at about the same rate for each orientation isomer. 
isomers. An initial probe of this was performed using the This is in contrast to the findings of Tomasz and 
Figure 9 
Analysis by 20% DPAGE of restriction I 
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restriction endonuclease A/uI, which recognizes the palin- 
drome 5’AGCT3’ and cleaves both strands of the duplex 
through the central G-C phosphodiestcr linkage (Pig. 8). 
Given the east with which FR66979-derived cross-link ori- 
entation isomers of S’TGTTGAATACTCATACGTCTC- 
TI‘GCTGAGGG3’ could hc separated, we chose to follow 
the protocol described by Tomasz and coworkers [29] in 
which an Ah1 site was incorporated one base upstream 
(to the 5’-side) of the cross-linkable SACGT3’ run 1281. 
Substrate alkylation and purification of the resulting orien- 
tation isomers, followed by incubations of each isomer and 
of a standard duplex control, with 4 units ofAlw1 for various 
timcs gave rise to the autoradiogram shown in Figure 9. 
Each deoxyoligonucleotidc duplex was 5’ labeled on the 
sequence detailed in the legend of Figure 9. 
fragments obtained from treatment of cross-link 1 . n * ” c c * ” n.“..ln.^.“lClr.**n 
orientationisomarsofdouble-stranded5’TGT- ’ ’ a 4 Q 
TGAATACAGCTACGTCTCTrGCTGAGG- 
s-‘,z~- Infersirand crodink 
~--Cleavage 2 fragment 
G3’with Alul restriction endonuclease (4 
units). Lane 1 standard duplex; lane 2, slow 
orientation isomer; and lane 3. fast orientation 
+-;-Single-strand native DNE 
isomw ILanes 4-8 standard duolex treated 
with 4 units of A/d at 1, 2. 5, 10 and 30 min, I 
respectively. Lanes g-1 3 contain the slower 
FR66979 orientation isomer treated with 4 
-Cleavage 1 fragment 
treated analogously to the slower cross-link. 
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Potential hydrogewbonding network leading to 
mono-alkylation of DNA by activated FR66979. 
Note that the guanosine N3 phenol contad not 
only represents a means of precovalent 
association but also may facilitate coilapse to 
the aziridinyl ring-opened mono-alkylation target 
depicted above. 
collcagucs [El], which demonstrated inhibition of cleav- 
age 2 for the MC orientation isomer in which Cl was con- 
nected to the cleavage 1 target strand. Verification of 
the ‘l‘omssz results with MC, using the clectrophoretic 
assay described herein, was performed and found to be 
consistent with the HPLC results originally reported. As 
such, FR66979 cross-link orientation isomers do indeed 
demonstrate an extremely interesting departure from the 
known mechanism of .4luI inhibition inherent fo MC. 
Melting temperature determinations and molecular 
modeling of FR66979 cross-link orientation isomers 
The ability fo assign the SI~UCCUI~S and connectivity fo the 
orientation isomers of the SACGT cross-linked squence 
of template A to the mitoscne core derived from FR66979 
prompted us w probe additional structural differcnces 
between these species by molecular modeling. All the 
experimental data generated suggested that the differing 
electrophorztic mobilities observed stemmed not from 
significant conformational differences in the cross-linked 
substrates (confirmed by T4 DNA ligase experiments and 
diethylpyrocarbonatc hyper-reactivity studies), but rachcl 
from slightly differing T, values for each cross-linked 
duplex. This was conlirmcd when the T, values for the 
IWO cross-links were determined. It was found that the 
fastcr isomer had T,, = 79.4-C while for the slower isoma 
‘r,,= 77.1%. This order was consisrenr with the observed 
electrophoretic properties, in that, under denaturing condi- 
tions, the faster isomer would be expcctcd fo have rhe 
more compact structure inherent fo double-stranded DNA 
for a longer period of time than would the lower melting 
(slowcr mobility) adduct. Ic is noteworthy that this same 
concept has been applied 50 the comparison of cross-linked 
substrates bearing a single inosinc for guanosine substitu- 
tion with cross-linked duplexes bearing only the native 
deoxynucleorides (data not shown). 
Molecular modeling (Fig. 7) of the S’d(GACCTA), 
scqucnce cross-linked in both orientations at the S’d(CG) 
box revealed no discernible difference between the two 
isomers, such as distances between the ‘mitosene’ nitrogens 
and various hydrogen-bond acceptors and donors of neigh- 
boring bases. The palindromic (and thereby C, symmetric) 
nafurc of the 5’d(ACGT), box supports this finding. Impor- 
tantly, the overall asymmetry of the oligonuclcoride duplex 
is likely to ISlitatc the slight perturbation manifested 
preferentially by one isomer over the other. That this per- 
turbation equates fo the experimentally measured T, dif- 
fcrence of 23°C suggests that a single hydrogen bond 
difference may exist. The full-length sequence- dependent 
origin of such a perturbation and its relative complexity 
limits its structural elucidation within our model system. 
Potential repercussions of such drug-induced DNA 
distortions are cleerly evident, however, as discussed earlier. 
Mono-alkylation of DNA by FR66979 
Tomasz and colleagues [29] showed that, upon bioreduc- 
tive activation, loss of the carbamare functionality is the 
major obstacle to cross-link formation by MC; the prcs- 
ence of this moiety, however, is obligate for MC to effi- 
ciently alkylate the 5’CpG site [28]. Hydrogen bonding 
between the ClO’-0 of the acrivarcd form of MC and one 
of the exocyclic amines within the S’CpG site aligns the 
drug properly for ring opening of the aziridine by the ‘non- 
associated’ guanosine of the opposing strand, directing the 
initial mono-alkylation within the 5’CpG site - an event 
that ultimately results in interstrand cross-linking. 
DNA mono-alkylation by reductively activated MC is 
often accompanied by adventitious re-oxidation back to 
the non-electrophilic q&one, thus abrogating formation 
of the interstrand cross-link. In this regard, FRY00482 
and FR66979 display a distinct advantage over the redox- 
labile mitomycins, in that competitive oxidation of the 
mono-alkylated species is precluded. 
Our results suggest, however, that the carbamoyl hydro- 
gen-bonding interactions deemed necessary for MC co 
efficiently alkylate or cross-link DNA arc not obligatory 
for target modification by FR66979. We propose that one 






DNA strands in which guanosines were replaced by inasine. 
Possible explanation for this is the ability of the phenolic 
proton of 3 to hydrogen bond with N3 of the guanosine 
opposite that responsible for connectivity to Cl of the 
activated mitosene. Li, Kohn and coworkers [23-E] have 
carried out modeling studies on MC in which they 
proposed hydrogen bond contacts for the reduced hydro- 
quinone form of 5 en r00ute to DNA mono-alkylation. The 
importance of such B contact was later questioned by 
Tomasz given that when N2 was d&ted from the ‘pre- 
covalently’ associated guanosine, the yield of mono- 
adduct at S’CpG was decreased mcxe than ten-fold under 
both reductive and acidic activation conditions (in which 
MC is reported to be in rhc quinone form thus lacking the 
C8 OH group). Such an interaction might be considerably 
Figure 12 
Reaction of 5’ labeled 5’ TGTTGAATACTCATACGTCTCTTGCT- 
GAGGG3’ annealed to complementary deoxyoligonucleotides 1-4 
with reductively activated FR66979 (2). Lanes 1 and 2 are 
radiolabeled oligo and oliQo+ DTT staodards, respectively. Lanes 3. 5, 
7, 9 and 11 are confr~l lanes containing substrate + 1 OmM FR66979. 
Lanes 4, 6, 8, 10 and 12 are reaction lanes containing substrate after 
reaction with 10 mM FR6697Q + 1OOmM DTT. Lanes and 
corresponding complements to 5’ labeled strand are as follows: Lanes 
1-4, complement 1; lanes 5 and 6 complement 2; lanes 7 and 8 
complement 3; lanes 9 and 10 single-strand 5’ labeled oiigo control; 
and lanes 11 and 12 complement 4. 
more important for the FR compounds, however, because 
the phenolic proron is available to form a hydrogen bond 
to the dG N3 as well as to undergo deprotonation, result- 
ing in the formation of the quinone mcrhidc species 
depicted in Figure 10. 
To detcrminc the imporrance of such interactions with 
FR66979, reactions were carried out with 5’ 3zP cnd- 
labeled STGTTGAATACTCATACGTCTCTTGCT- 
GAGGGY (template A) annealed to complementary 
strands in which various guanosines were replaced by 
inosine (Fig. 11). 
l‘he data depicted in Figure 12 show clearly that use of 
strands 1, 2 or 3 as the complement resulted in nearly 
identical patterns of mono-alkylation adduct formation. 
Reaction of duplex 4 resulted in greatly diminished yields 
of mono-alkylarion sdduct and, surprisingly, significant 
mono-alkylation was observed in the single-strand control 
reaction. The ability to’ form the interstrand cross-link 
with substrate 2 in comparahlc yields to those using snb- 
st~ate 1 demonstrates that denaturing of substrate 3 was 
not a factor in these reactions. Substitution of dI for dG at 
the S’CpG site had no effect on the relative amounts of 
mono-alkylation; this represents an interesting departure 
from rhe MC pathway with respect to non-covalent pre- 
association of the drug with the DNA. These results 
suggest that in the case of FR66979, altemarive non-cova- 
lent pre-association phenomena might be operative; these 
would bear greatcr influence on sequestering the drug to 
the DNA target than that exericd by the carbamoyl-N2 
interactions strongly implicated in MC-DNA interactions. 
Significance 
Structure elucidation and Fe(H)-EDTA footprinting 
of cross-linked and alkylated DNA products have 
demonstrated that members of the FR900482 class of 
antitumor antibiotics interact with DNA in a manner 
very similar to that of mitomycin C (MC). like the 
mitomycins, FR900482 and congeners are tire- 
drugs’ that must be activated reductively both i+z vitro 
and in viva to produce the potent, electrophilic mitosene 
species that alkylate and cross-link DNA. Of particular 
interest is the role played by the phenolic portion of the 
FR compounds versus the quinonelsemi-quinone of 
reductively activated MC. We have presented evidence 
that the phenol functionality may be crucial in enabling 
these compounds to mono-alkylate DNA very efii- 
ciently, thus facilitating DNA-DNA cross-links and 
potentially also DNA-protein cross-links. It is clear 
from the results presented that the guanosine N2 to 
Clll-0 contact, involving the activated mitosene core of 
FR66979, plays a much smaller role than does the nnal- 
ogous (and necessary) contact with activated MC. It is 
likely that the presence of the phenol OH is infinitely 
moreimportant for directing the 1’R pharmacophore to 
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its initial mono-olkylation target than the C7 carbamnte. 2 h) “sing a Schleicher & Schuell Elutrap electroseparation system. The 
Also, it is interesting to noteihe relative ease of forma- DNA isolated was once again ethanol- precipitated and then dried in 
tion of separable orientation isomers of DNA-DNA 
vacua. To each alkylation adduct was added 20~1 distilled de-ionized 
cross-links mediated by FR900482 and MC. Structural 
water. From each deoxyoligonucleotide solution. a 5pI aliquot was 
removed far “se as a standard. To the remaining 15&I of each product 
differences aside, the lesions isolated from FR900482, was added 7.6&l 80mM phosphate buffer (pH 8) and 7.5~1 4mM 
FR66979, FK973 and MC cross-linked oligonucleotides F&O,-EDTA solution to afford reactions 1 mM in Fe(ll)-EDTA. Footprint- 
all give rise to orientation isomers of considerably differ- 
ing reactions were then incubated at 37°C for 8h, after which time 
ent electrophoretic mobilities. In addition, these isomers 
samples were ethanol-precipitated and the pellets rinsed with cold 70% 
ethanol and dried in vacua Dried pellets were resuspended in lOwi 
exert vastly different influences on the cleavage of DPAGE dye, and the samples counted by liquid sdinfillation (LSQ. 
S’AGCT by AluI restriction endonuclense, thus demon- Samples were loaded such that standard duplex and standard cross- 
strating an additional means by which both classes of linked product lanes contained SOOcounts, Fe(ll)-EDTA lanes contained 
compounds may exert biological activity. The ability of 
5000 CO”& (for FeWEDTA standard and native duplex after cross- 
linking and Fe(ll)-EDTA digestion) and 10000 co”nts for inosine-substi- 
the FR compounds not only to shut down (via cross- tuted duplex aiter cross-linking and Fe(ll)-EDTA digestion. To G and G+A 
linking) the strand separation events necessary for tran- Maxim-Gilbelt sequencing lanes were added 4000 and 8000 counts, 
scription, but also to inhibit DNA-protein recognition respectively. Electrophoresis was carried out at 1500” far 6 h fallowed by 
motifs. clearlv orovides additional insights into the 
autoradiography at -8O’C for 3 days. The results are depicted in Figure 6. 
. . 
mechanism by which these agents inflict cellular 
damage. Such information should prove invaluable in 
the design of second generation FRY00482 compounds 
and will no doubt shed further light on the mechanism of 
action of the clinically employed mitomycins. 
Materials and methods 
FR900482 was generously supplied by the Fujisaw Pharmaceutical 
Co. Ltd, Japan. FR68979 and FK973 were synthesized according to 
the Fujisawa patent Kokai 61-10590. All drug stack sol”tions were 
made up to 50mM in 88% methanolic water immediately prior to “se. 
Deoxyoliganucleotides were synthesized on an Applied Biasystems 
3808 DNA synthesizer “sing standard phosphoramidite chemistry 
(reagents and phosphoramidites from GLEN Research): Deoxyoligonu- 
c&tides were deprotected by heating 15 h at 55°C in NH,OH, fol- 
lowed by filtering a! the GPG resin and concentration of supernatant ig 
vacua Ail oligas were purified by 20% denaturing polyacrylamide gel 
eiectrapharesis (DPAGE). Oligos of interest were 5’ end+.beled with 
[r-32P]ATP and T4 polynucleatide kinase (New England Biolabs) and 
then purified once more by 20% DPAGE. Labeled deoxyoligonu- 
cleatides were then hybridized to their corresponding blunt-ended 
complements in 200 mM Tris (pH 7.5) by heating the equimolar mixture 
of oligos to 75°C for 1 Smin, and cooling to room temperature over 2 h 
then to 4-C over another 2 h. F&O, (from Mallinkrodt) sol”fions were 
made up to 4mM “sing 4mM EDTA 5min before “se. Mercap- 
toethanol (from Kodak) and dithiathreitol (from Gibco BRL) stock sol”- 
tions were made “sing distilied deionized water immediately prior to 
“se. Sodium acetate. Tris, EDTA and boric acid were also obtained 
from Gibco. Gel-loading buffer contained 0.03% bramophenol blue, 
and 0.03% xylene cyanol in iarmamide. Dimethyl sulfate and formic 
acid (88%) for Maxam-Gilbert sequence reactions were obtained from 
Mallinkrodt. Centrex MF 0.46 $rn cellulose acetate spin iilters were 
obtained from Schleicher & Schuell. Samples were counted on a 
Packard 1600 TriCarb liquid scintillation analyzer. 
Cross-fink formation and subsequent footprinting reactions 
Analytical scale formation of FR66979-DNA mono-adducts 
Mono-aikylation studies involved reactions 6.5 I*M in duplex (a stack 
DNA solution Q PM in duplex was used instead of the 90 pM stack 
used previously). Reactions were set up as outlined for orientation 
isomer studies, with the exception that reactions were IOOmM in DTT. 
Reaction conditions and workup were the same as discussed earlier 
except that reaction contents were dissolved in DPAGE dye to afford 
solutions of 2000 counts per &I activity. Reactions were analyzed by 
20% DPAGE (8000 counts per well) followed by autoradiography. 
To 275 u of a 901rM (in duplex) solution of duplex (dissolved in 20OmM 
Tris, pH’7.5) was added 75,$&iFR66979 and’27.5’&1 of 277mM Dm at 
0°C. The reaction was allowed to warm to room temperature overnight 
(10 h) and the contents ethanol-precipitated. Resuspension in 150 pl 
DPAGE dye followed by 20% preparative DPAGE at 800” for 10h 
afforded clean separation of the two cross-linked species. Each band 
was excised from the gel, crushed and eiuted far 2 h at 37’C in 500mM 
NH,OAc, 1 mM EDTA buffer. The supernatant was filtered through a 
Centrex spin frit. butanol earacted to a vol”me of 2OOp,l and ethanal- 
precipitated. Each resulting pellet was resuspended in 150~1 double- 
distilled H,O and to each sol”tion was added 50 ~1 5 M NH,OAc (pH 
5.2). Each sample was kept at room temperature for 1 Omin, followed by 
the addition of 600 &I ethanol and piaced in a dry ice bath far I Bmin. The 
products were re-pelleted by centrifugation at 14000 rpm at 4°C 
followed by removal of supernatant. The series of steps starting with 
resuspension in 150+1 double-distilled H,O was performed once more 
iollowed by a 70% ethanol rinse and drying in vacua 
Supplementary material w&b/e 
Supplementary material an the internet includes: gel eiectraphoretic 
analysis of FR66979 reactions with templates A-C (first paragraph an 
orientation isomers of croselinked S’dCG), details for template A-C 
reactions with FR66979, T, determinations, T4 DNA ligase experi- 
ments, diethylpyrocarbonate hypereactivity studies, Al” digestions of 
FR86979 orientation isomers. and cross-link reversibility studies. 
Ta 15 ~1 of a 90 WM (in duplex) stock solution (in 200 mM Tris pH 7.5) of 
5’ s2P end-labeled DNA was added 50mM drug stack solution 
L\Ck”OW,d”,-.W.+,Z 
‘“~““C#‘L’ 
lo yield a drug concentration of 10 mM. To this mixture was added 1 &I 
This work wois suppu -- -.,--Wed by the National lnstit”tes oi Health (Grant 
P-mercaptoethanal lo afford a reaction concentration of 50OmM in thial. 
CA51 875). We are indq ?bted to the Fvjisawa Phaimaceutica, Co. Ltd forthe 
482. 
Reactions were incubated at 4’C for 4h and were then allowed 
QcXWO”$ Qift Of FR9”0, 
to warm to room temperaf”re overnight. Modified deoxyoligonucleotides 
?re then sthanol.precipitated, dried in vacua and resuspended in Sop,1 
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